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Open access under the ElLayered double hydroxides (LDH) are a class of chemical compounds that can be used to modify or incor-
porate characteristics into a variety of thermoplastics or thermosets polymer matrices. The focus of the
present work is to synthesize organo modiﬁed-LDH MgAl intercalated with glycinate, to use them to for-
mulate epoxy composites with distinct LDH content, and to evaluate their mechanical, thermal and
ﬂame-retardant (horizontal and vertical burning) properties. The solvents used to aid LDH dispersion into
the resin were acetone, chloroform and dimethylformamide. All samples containing 1%, 3% and 5% (w/w)
of LDH showed self-extinguishing behavior in the vertical test and all samples containing LDH showed
better performance in terms of burning rate than pristine epoxy. The mechanical properties of the com-
posites varied based on the solvent used and the lowest concentration of LDH (1%) yielded the best per-
formance, as expected for this kind of ﬁller.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Polymer/layered inorganic nanocomposites have been exten-
sively studied due to their mechanical, barrier and optical proper-
ties along with their ﬂammability resistance, which is rarely
present in any neat polymer [1–4]. A number of review articles
have already been published, focusing on synthesis, characteriza-
tion and/or properties of composites and nanocomposites with
these ﬁllers [5–8]. Most studies concentrate on the use of layered
cationic exchanger clay minerals of the phyllosilicate 2:1 group
as nanoﬁllers for polymers where the organically modiﬁed clay
particles are partially or fully dispersed at nanoscopic level.
More recently, a different kind of layered inorganic material,
called layered double hydroxides (LDH), is also receiving attention
as nanoﬁller for composites [9,10]. LDH, also known as anionic
clays, may be represented by the [MII1-xMIIIx(OH)2]Anx/n mH2O
formula, where MII and MIII are divalent and trivalent metal cations
within the brucite-like layer, such as Mg2+ and Al3+, respectively,
and An is an interlayer anion [11–13]. Compared to layered cat-
ionic exchanger silicates, LDH show advantages related to their
structural homogeneity and composition, which can be tailored
during their synthesis [7]. Additionally, high water content, non-
toxicity and high reactivity towards organic anionic species make
them suitable for many applications, such as biomedical applica-
tions e.g., controlled release of various drugs and biomolecules: +55 51 33089414.
. Becker), alinegabbardo@
ypych), amico@ufrgs.br (S.C.
sevier OA license.and gene therapy, controlled release or adsorption of pesticides
and preparation of novel hybrid materials.
Epoxy resins play a very important role in the development of
polymer matrix micro-composite materials because of their overall
superior mechanical properties [8,14]. However, cured epoxy res-
ins also have undesirable characteristics which may affect their
application, such as high ﬂammability [15] and low fracture tough-
ness. Many approaches have been exploited in an effort to further
improve the performance of epoxy resins such as modiﬁcation of
their chemical structure or using ﬁllers.
The addition of nano-scale inorganic ﬁllers has recently drawn
great interest due to its potential to improve the properties of pris-
tine polymers with relatively low ﬁller content [14–17]. Some
studies on LDH address their potential use as non-halogenated,
non-toxic ﬂame-retardant nanoﬁller for polymers [18,19]. For in-
stance, Costa et al. [20] reported on the addition of a high content
(>50 wt.%) of hydrotalcite (naturally occurring LDH) in order to ob-
tain ﬂame-resistant compositions. Although such high concentra-
tions often provide industrially acceptable ﬂammability ratings,
such as UL 94 V0, the mechanical properties of the ﬁnal composites
are severely affected.
Among the several mechanisms already proposed to explain the
ﬂame-retardant characteristics of polymer/LDH nanocomposites,
the barrier effect brought by carbonaceous char catalyzed by clay
particles appears to be dominant. According to Costa et al. [20],
these characteristics originate from their brucite-like chemical
structure, which entails endothermic decompositions related to
the production of water vapor and metal oxide residue. This resi-
due would slow down subsequent burning by reducing the oxygen
supply to the bulk phase under the burning surface.
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dispersion of nanoﬁllers throughout the polymer matrix is neces-
sary. A recently proposed way of improving dispersion of metal
hydroxide nanolayers on polymer matrices regards the organic
modiﬁcation of the LDH. For example, Zammarano et al. [6] re-
ported self-extinguishing behavior in epoxy/LDH modiﬁed with
3-aminobenzenosulfonate, 4-toluenosulfonate and 4-hydroxy-
benzenosulfonate. In addition, Du et al. [4] reported ﬂame-retar-
dant characteristics of Mg–Al LDH in nylon 6 obtained via organic
modiﬁcation and melt intercalation of LDH, especially when 5 wt.%
LDH was incorporated into the polymer.
On this context, the aim of this work is to synthesize organo
modiﬁed-LDH MgAl intercalated with glycinate through a co-
precipitation process. The intercalated LDH was dispersed using
different organic solvents, namely acetone, chloroform and
dimethylformamide, in order to compare their behavior. The mix-
ture was incorporated into an epoxy resin to produce intercalated
or exfoliated epoxy composites with improved ﬂame-retardant
properties. The synthesized LDH was characterized by Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD). The produced composites were also evaluated using XRD,
scanning electron microscopy, FTIR, thermal analysis (TGA/DTG)
and mechanical testing (tensile and ﬂexural).Table 1
Identiﬁcation of the samples and the solvents used to disperse the
LDH.
Sample name LDH (% wt.) Solvent used












R-H5D 5 DMF2. Experimental section
2.1. Materials
Diglycidyl ether of bisphenol A (DGEBA, Araldite LY 1316 –
Huntsman) and triethylenetetramine (TETA, Aradur HY 1208 –
Huntsman) curing agent were used. Mg(NO3)26H2O (Vetec),
Al(NO3)39H2O (Vetec), sodium hydroxide (Nuclear) and glycine
(Vetec), all in analytical grade, were employed to synthesize the
glycinate intercalated layered double hydroxides (LDH). Three dif-
ferent solvents were used to aid dispersion (delamination/exfolia-
tion) of the LDH, namely, acetone (Vetec), chloroform (Synth) and
dimethylformamide (DMF) (Nuclear).
2.2. Preparation of LDH
Mg–Al LDHs were prepared via a co-precipitation process, fol-
lowing the procedure reported in the literature [21]. Synthesis
was carried out under nitrogen atmosphere to prevent the produc-
tion of highly stable carbonate-intercalated LDH, due to the pres-
ence of carbon dioxide in the air. A solution of magnesium
nitrate (0.12 mol) and aluminum nitrate (0.039 mol) was slowly
added to an aqueous alkaline (NaOH) solution of glycine
(0.72 mol) under stirring. The Mg:Al ratio was set to 3:1 and,
throughout the addition of the metal nitrate solution, pH of the
reaction mixture was kept at 12 by adding a NaOH solution. The
resulting slurry was placed on a vacuum sealed container at
60 C for 8 h. The samples were then extensively washed with
water, centrifuged and dried at 60 C for 24 h.
2.3. Polymer and LDH/epoxy composites preparation
The pristine epoxy polymer was obtained by mixing the epoxy
monomer (Araldite LY 1316) with the curing agent (Aradur HY
1208) at room temperature for 3 min, degassing the mixture using
an ultrasonic bath, casting into a silicon rubber mold, curing at
room temperature for 24 h, then post-curing it at 70 C for 1 h.
For the composites, solvents were used to aid dispersion
(delamination/exfoliation) of the LDH crystals. In order to investi-
gate the effect of the solvent itself on the epoxy resin [22–24],
some epoxy samples were mixed with acetone, chloroform orDMF followed by evaporation and curing. Identiﬁcation of all sam-
ples prepared in this work is shown in Table 1.
The following ﬁve-step route was selected, after experimental
optimization, for the preparation of the composites:
(i) LDH (1, 3 or 5 wt.%) were dispersed in one of the solvents (as
described above) using strong sonication for 20 min to
achieve homogeneous dispersion.
(ii) The desired amount of epoxy resin was added to the LDH
suspension and the mixture was sonicated for 20 min.
(iii) The mixture was placed on a vacuum assisted rotary evapo-
rator and heated in a water bath at 50, 60 or 100 C for ace-
tone, chloroform or DMF, respectively, in an attempt to
promote a thorough evaporation of the solvent. These tem-
peratures were chosen based on the boiling temperature of
each solvent (56, 61 and 153 C, respectively).
(iv) The curing agent was added to the LDH/epoxy mixture,
which was then mechanically stirred under sonication for
3 min.
(v) The LDH/resin was cast into a silicon rubber mold and cured
at room temperature for 24 h. After that, the composites
were post-cured at 70 C for 1 h.
2.4. Characterization
X-ray diffraction was conducted at a scanning speed of 1/min
using a Shimadzu (XRD-6000) diffractometer with a Cu Ka source
(1.5418 Å). Data was collected in a step scan mode between 3 and
50 (for 2h) using the ﬂat samples directly on the sample holder.
The morphological characteristics of the composites were studied
with a Jeol JSM 6060 scanning electron microscope (SEM) after
coating of the samples with a thin layer of gold.
Fourier transform infrared spectroscopic (FTIR) studies were
carried out using a Perkin Elmer Spectrum 1000 FTIR spectrometer
in the 4000 to 400 cm1 wavenumber range, using the transmis-
sion mode, KBr pellets and accumulation of 32 spectra. Thermo-
gravimetric analysis (TGA/DTG) was performed in a TA
Instruments 2050 equipment, by heating the samples from 25 to
960 C at a heating rate of 20 C/min under O2 atmosphere.
Tensile properties (strength, modulus and strain at failure) were
evaluated according to ASTM D638 using an Emic DL 2000 testing
machine coupled with an extensometer. Flexural properties were
evaluated using rectangular samples and the same testing ma-
chine, following ASTM D790. At least ﬁve specimens were tested
for each composition.
Evaluation of ﬂammability was carried out using the UL 94
tests. Vertical burning (UL 94 V) and horizontal burning (UL 94

















Fig. 2. FTIR spectra of LHD (a), R-H0 (b), R-H3A (c), R-H3C (d) and R-H3D (e).






























Fig. 3. TGA/DTG curves of LDH MgAl intercalated with glycinate anions.
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composition, the mean result of ﬁve measurements is reported.
3. Results and discussion
3.1. Characterization of the organo intercalated LDH
The ﬁrst goal of this work was to synthesize LDH MgAl interca-
lated with glycinate in order to yield exfoliated or intercalated
nanocomposites. The intercalation of glycinate into the LDH de-
creases the hydrophilic character [22] and, as a consequence,
may improve the characteristics of the interface between inorganic
and organic phases. This could allow the epoxy molecules and the
hydrophobic diamine to diffuse between the layers of the LDH
more easily.
The XRD pattern obtained for the MgAl-LDH is shown in Fig. 1.
Four orders of basal reﬂection can be seen, indicating that the
intercalated structure is ordered. The ﬁrst diffraction peak at
2h = 11.21 corresponds to a d-spacing of 0.79 nm, leading to an
interlayer spacing of about 0.31 nm (subtracting the thickness of
the host layers, 0.48 nm, from the basal spacing). This very narrow
gap suggests that the glycinate molecules are horizontally oriented
between the LDH layers.
Fig. 2, curve a, shows the FTIR spectrum of the LDH. A broad
absorption peak between 3700 and 3000 cm1 was assigned to
the stretch of the O–H group of both hydroxide layers and inter-
layer water [11]. The Mg–O and Al–O vibrations were found at
670 and 450 cm1, respectively. Absorption peaks of asymmetric
and symmetric COO stretchings were observed at 1550 and
1450 cm1, respectively, and the peaks of the N–H bending at
1612 and 752 cm1. These ﬁndings demonstrate the intercalation
of the glycinate anion between the LDH layers [12].
The TGA curve of LDH powder (Fig. 3) evidenced a three-step
weight loss at the following maximum temperatures: 105, 236
and 403 C. Desorption of water from the hydrated phase, decom-
position and elimination of the organic molecules and dehydroxy-
lation of the LDH layers, respectively, may be responsible for these
weight losses. The residue content obtained at 900 C, 51%.
3.2. Characterization of the LDH/epoxy composites
XRD is a powerful technique for detecting the intercalation or
exfoliation of LDH structures. Fig. 1 shows the XRD patterns of
the LDH/epoxy composites for distinct LDH content and dispersion
agent. For the R-H3A and R-H5A samples, strong diffraction peaks
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Fig. 1. X-ray diffraction patterns of the LDH MgAl and of the LDH/epoxy
composites.(0 0 9) indicating that the ﬁller was not delaminated/exfoliated,
which suggests that acetone is not a good layer bond-breaking
agent. For samples R-H3C and R-H5C, where chloroform was used,
low intensity peaks were observed, suggesting partial exfoliation
(delamination).
On the other hand, for the DMF samples (R-H3D and R-H5D), no
diffraction peaks were observed. This indicates that the DMF mol-
ecules increased interlayer spacing, and this may promote the dif-
fusion of epoxy molecules between the LDH layers. This is an
evidence of the ﬁne dispersion of the intercalated LDH on the poly-
mer matrix and also suggests exfoliation. Among the solvents
tested, the DMF molecule has the highest concentration of strongly
electronegative elements, an oxygen and a nitrogen atom per mol-
ecule, implying the highest capability of yielding hydrogen bonds
and thus shows the highest dielectric constant. Also, the interlayer
environment obtained with glycinate promotes hydrogen bonding
with DMF, and therefore the penetration of the solvent, perhaps
leading to exfoliation.
Another worth mentioning feature of the XRD patterns seen in
Fig. 1 regards a typical broad peak centered at 19. This peak can be
attributed to the amorphous conformation of the polymer matrix.
The use of solvents affects not only the crystallinity of the LDH
but the morphological characteristics of the ﬁnal composites. Scan-
ning electron micrographs (SEM) of the various composites with
3% of LDH are show in Fig. 4. In micrographs 4a (acetone sample)
and 4b (chloroform sample) layered LDH structures and ﬁner
Fig. 4. SEM micrographs of the composites materials containing 3% of LDH. R-H3A (a), R-H3C (b) and R-H3D (c). Dark regions show the inorganic particles.
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more than 10 lm and about 2–5 lm were also found. Only micro-
graph 4c (DMF sample) showed some properly dispersed particles
(<1 lm), suggesting that the dispersion of LDH is in nano-scale.
Unfortunately, higher magniﬁcations were not possible due to
equipment constraints and samples characteristics.
Infrared spectroscopy was used to identify the various chemical
bonds prior to and after resin curing. Fig. 2, curves c–e, displays the
FTIR spectra of R-H3A, R-H3C and R-H3D, respectively. The peak at
910 cm1, corresponding to the oxirane group, is used to identify
the ring-opening reaction [12]. The lack of a peak in this region
suggests that the epoxy composites are fully cured.
Monitoring of amino groups on the cured samples through
infrared spectroscopy is complex. This occurs due to the overlap-
ping of their absorption bands with the bands from resin inherent
groups, e.g. the amino group (generally at 3391 cm1) and the hy-
droxyl group (at 3481 cm1) yield a very wide band near
3391 cm1. Besides, the absorption bands of the amino group at
752 cm1 overlap with that of the monosubstituted aromatic ring
(768 and 748 cm1), yielding a wide band near 750 cm1.
The spectra of the samples prepared using the various solvents
showed similar bands suggesting that they did not affect the struc-
ture of the epoxy resin. Unfortunately, no isolated band could be
attributed to the solvents used and, therefore, it was not possible,
with this method, to identify residual solvent in the samples.
Fig. 5 shows TGA/DTG curves of pristine epoxy and epoxy after
the use of acetone, chloroform or DMF. The thermal degradation of
pristine epoxy is characterized by a single stage at about 374 C,
with 7% residue at 900 C. The TGA/DTG curves of the other sam-
ples evidenced a decrease in thermal stability.
Fig. 6a–c shows the TGA curves of the various LDH/epoxy com-
posites. The thermal stability of the composites increased com-
pared to pristine epoxy, especially when DMF was used asdispersing agent, which was attributed to a better dispersion pro-
moted by this solvent, as observed via XRD analysis (Fig. 1). Also,
the higher thermal stability of the composites may be ascribed to
a milder degradation of the polymer matrix brought by the barrier
effect of the exfoliated nanolayers, especially for the R-H5D. In
addition, it was possible to identify some weight loss attributed
to the volatilization of residual solvent (acetone and chloroform
only), which was not observed for the DMF samples.
Fig. 6 also shows that the residue content increases with the
LDH content, e.g. 14.7% for R-H5D compared to 8.2% for R-H1D, be-
cause of the more thermally stable inorganic network. Further-
more, the exfoliated LDH layers can promote a more effective
charring process, which can be illustrated by the higher residue
content of the R-H5D composites compared with R-H5A (10.9%)
and R-H5C (11.0%).
Table 2 shows all results of the mechanical testing. Considering
the characteristics of pristine epoxy (R-H0), the process of adding
any of the dispersion agents to this resin, even if nearly thoroughly
removed afterwards, can be very detrimental to its mechanical
properties. The resin becomes less strong and stiff, with higher
strain at break, especially under ﬂexure, showing a somewhat plas-
ticizing effect.
Comparing pristine epoxy with the composites, it can be seen
that the samples with higher LDH content show, in general, higher
modulus but lower strength, a clear indication that this ﬁller failed
to serve as reinforcement in these composites. This trend has also
been reported by other authors [12,19] for LDH based composites
and can be explained considering that the LDH may act as stress
concentrators. Nevertheless, it can be seen that the samples with
1% LDH were able to maintain the original tensile strength. The
poorer performance of the composites with 3% or 5% in weight of
LDH may have been a consequence of a higher degree of LDH
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Fig. 5. TGA (a) and DTG (b) curves of pure epoxy and epoxy treated with
chloroform, acetone and DMF.
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Fig. 6. TGA/DTG curves of LDH/epoxy composites with 1% and 5% LDH contents: (a)
treated with acetone, (b) treated with chloroform and (c) treated with DMF.
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best overall performance in both mechanical tests, sometimes
better than pristine epoxy, suggesting a higher degree of LDH exfo-
liation. Strain at break was also favored for lower LDH content and
with DMF, being similar to the original epoxy.
Flammability tests were carried out in both vertical (UL 94 HB)
and horizontal (UL 94 V) modes. All composites fell into the classi-
ﬁcation deﬁned by the UL94 HB, showing much lower burning rate
than pristine epoxy (Fig. 7). Besides, the rate of burning decreases
with increasing LDH concentration in the composites because LDH
undergoes decomposition through an endothermic reaction, which
acts as a heat sink, reducing the total heat generated during com-
bustion [20]. Burning of the dispersed LDH produces a mixture of
nanostructured metal oxides and char that acts as ﬂame-retardant.
In this respect, LDH ﬁllers show an advantage over layered silicates
because the latter remain chemically inactive during the combus-
tion of the nanocomposite and simply act as a physical barrier
between the ﬂame-front and the burning surface [5].
The use of DMF yielded a better burning-resistance perfor-
mance and this can also be attributed to a more suitable state of
dispersion. The poorer ability of acetone and chloroform to dis-
perse LDH may have increased heterogeneity of the samples and
consequently the burning rate, since a comparatively smaller
epoxy/LDH interfacial area would be available.
As shown in Table 3, pristine resin and the R-H5A composite
showed sustainable burning after removal of the ﬂame, consumingthe whole test specimen. However, all other studied composites
showed self-extinguishing behavior, classiﬁed as either V-1 or
V-2, therefore demonstrating that LDH can be used as a nanometric
ﬁller to improve the characteristics of epoxy resins towards ﬂame
exposure. It is also interesting to notice that ﬂammability may in-
crease with the LDH content if the quality of the dispersion can not
be maintained.
Table 2
Mechanical properties of the pristine resin and LDH/epoxy composites.
Sample Tensile properties Flexural properties
Strength (MPa) Strain at break (%) Modulus (GPa) Strength (MPa) Strain at break (%) Modulus (GPa)
R-H0 49.4 ± 4.2 2.0 ± 0.6 3.1 ± 0.2 81.4 ± 1.2 3.2 ± 0.2 3.4 ± 0.8
R-H0A 47.1 ± 4.9 3.1 ± 0.2 2.7 ± 0.1 52.0 ± 4.3 4.8 ± 0.4 2.1 ± 0.4
R-H0C 48.4 ± 4.5 3.0 ± 0.1 2.5 ± 0.1 53.2 ± 5.8 3.2 ± 0.2 2.3 ± 0.7
R-H0D 45.2 ± 3.7 3.0 ± 0.3 2.4 ± 0.2 50.0 ± 3.2 4.5 ± 0.2 2.1 ± 0.2
R-H1A 51.1 ± 2.9 2.0 ± 0.2 3.4 ± 0.3 59.3 ± 4.2 3.1 ± 0.4 2.9 ± 0.6
R-H1C 47.0 ± 4.4 2.2 ± 0.3 3.3 ± 0.1 61.3 ± 6.2 3.5 ± 0.5 2.5 ± 0.2
R-H1D 51.9 ± 4.7 2.2 ± 0.4 3.4 ± 0.2 77.9 ± 4.1 3.1 ± 0.5 3.1 ± 0.5
R-H3A 25.7 ± 6.2 0.9 ± 0.2 3.2 ± 0.2 65.7 ± 7.3 2.2 ± 0.2 3.0 ± 0.5
R-H3C 29.3 ± 2.3 1.2 ± 0.2 3.3 ± 0.2 63.2 ± 6.1 2.1 ± 0.2 3.1 ± 0.4
R-H3D 39.3 ± 4.2 1.3 ± 0.4 3.4 ± 0.8 80.2 ± 4.2 2.0 ± 0.1 4.1 ± 0.3
R-H5A 18.9 ± 1.2 0.9 ± 0.2 3.3 ± 0.4 31.9 ± 1.9 2.0 ± 0.2 3.1 ± 0.4
R-H5C 28.9 ± 3.2 1.2 ± 0.4 3.7 ± 0.7 35.3 ± 5.8 1.9 ± 0.3 3.2 ± 0.4

























































Fig. 7. Horizontal burning rate of the pure resin and LDH/epoxy composites.
Table 3
Vertical burning test (UL94 V) of the pristine resin and the LDH/epoxy composites.
Samples Afterﬂame timea Classiﬁcation
R-H0 Total burning Unclassiﬁed
R-H0A Total burning Unclassiﬁed
R-H1A 28 s V-1
R-H3A 24 s V-1
R-H5A Total burning Unclassiﬁed
R-H0C Total burning Unclassiﬁed
R-H1C 26 s V-1
R-H3C 23 s V-1
R-H5C 31 s V-2
R-H0D Total burning Unclassiﬁed
R-H1D 23 s V-1
R-H3D 20 s V-1
R-H5D 21 s V-1
a Afterﬂame time: the time required for the burning to cease once the source
ﬂame has been removed.
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Although it is always a great challenge to obtain good disper-
sion of nanoﬁllers in a polymer matrix, some dispersion agents,
DMF in this case, can promote a suitable dispersion of the layered
material, perhaps even leading to exfoliation. The procedure fol-
lowed in this work differs from those usually found in the litera-
ture, where the intercalated phase is dispersed in a polymer or
polymer precursor and exfoliation is later promoted via further
processing. Indeed, in this work, the layered material is exfoliated
and then the single layer suspension is dispersed in the polymer,
following the procedure recently introduced by Wypych and Sat-
yanarayana [7].In the present investigation, chloroform and dimethylformam-
ide were successful in increasing interlayer spacing, consequently
promoting diffusion of epoxy molecules between the LDH layers.
In fact, for DMF, the lack of peaks in the X-ray analysis evidenced
the ﬁne dispersion of the intercalated LDH on the polymer matrix,
suggesting exfoliation. The mechanical performance of the epoxy
samples to which solvents had been added and later removed de-
creased in comparison with pristine epoxy. Among the solvents,
DMF samples showed the best mechanical performance. The sam-
ples with 1% LDH and DMF were able to recover the maintain the
original tensile strength of pristine epoxy, whereas the elastic
modulus was found to signiﬁcantly increase for higher LDH con-
tent, mainly with DMF.
The most positive aspect of the produced composites was their
much lower burning rate compared to pristine epoxy, revealing the
potential of Mg–Al LDH to be used as a ﬂame-retardant ﬁller in
epoxy matrices, bearing in mind that this characteristic is depen-
dent on the dispersion degree. The use of LDH for this aim allows
the obtaining of halogen-free and environmentally-friendly
ﬂame-retardant epoxy formulations.
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